An experimental study of the 16 O(e, e ′ K + )
16
Λ N reaction has been performed at Jefferson Lab. A thin film of falling water was used as a target. This permitted a simultaneous measurement of the p(e, e ′ K + )Λ,Σ 0 exclusive reactions and a precise calibration of the energy scale. A groundstate binding energy of 13.76 ± 0.16 MeV was obtained for 16 Λ N with better precision than previous measurements on the mirror hypernucleus 16 Λ O. Precise energies have been determined for peaks arising from a Λ in s and p orbits coupled to the p 1/2 and p 3/2 hole states of the 15 N core nucleus. Hypernuclear spectroscopy is a powerful tool for studying the ΛN interaction (N = p, n) given that very limited information can be obtained from Y p (Y = Λ, Σ − , Σ + ) elastic scattering and charge-exchange data [1] .
Information on the spin-dependent part of the ΛN interaction can be extracted from the energy splitting of hypernuclear spin doublets formed when a Λ in an s state couples to a nuclear core state with non-zero spin. Seven such doublet splittings have been measured in Λ O using an array of germanium detectors called the Hyperball [2, 3, 4, 5] and interpreted in terms of shell-model calculations that include both Λ and Σ hypernuclear configurations [6] [7] , such states in p-shell nuclei are above particle thresholds and cannot be studied via γ-ray spectroscopy. Thus, experimental studies up until now have been carried out by hadroninduced reactions with limited energy resolution.
In fact, 16 O targets have been extensively used in hypernuclear studies with the (K − , π − ), (π + , K + ), and (K − stop , π − ) reactions with dominant non-spin-flip reaction mechanisms that excite natural-parity states [2] . In all cases, four peaks are seen with the excited states at ≈ 6.2, ≈ 10.6, and ≈ 17.1 MeV corresponding to Λ's in s and p orbits coupled to the p −1 1/2 ground state and the 6.176-MeV p −1 3/2 states of 15 O. In the simple particle-hole limit, the degenerate multiplets contain 2, 2, 4, and 6 states, respectively, and the cross sections would be in the ratio 2:1 for peaks based on the p 3/2 vs. p 1/2 hole states. The first two peaks correspond to 1 − states and the B Λ value for the lowest 1 − state is not particularly well determined. In the CERN (K − , π − ) experiment [8] , the third and fourth peaks correspond to substitutional 0 + states. At the larger momentum transfer of the stopped K − work at KEK [9] , the same peaks contain contributions from both 0 + and 2 + hypernuclear states. Finally, in the (π + , K + ) reaction, first performed at BNL [10] and later at KEK [2] with better energy resolution, only the 2 + states are expected to contribute. The experimental knowledge can be enhanced using the (e, e ′ K + ) electroproduction reaction characterized by a large momentum transfer to the hypernucleus (q > ∼ 250 MeV/c) and strong spin-flip terms, even at zero K + production angles, resulting in the excitation of both natural-and unnatural-parity states. In the present case, 1 − , 2 − , 1 + , 2 + , and 3 + particle-hole states can be excited with significant cross sections. In addition, the K + Λ associated production occurs on a proton making Hall A at JLab is well suited to perform (e, e ′ K + ) experiments. Scattered electrons are detected in the High Resolution Spectrometer (HRS) electron arm while coincident kaons are detected in the HRS hadron arm [13] . The disadvantage of smaller electromagnetic cross sections is partially compensated for by the high current and high duty cycle capabilities of the beam. Throughout the experiment, the same equipment has been used in very similar kinematical conditions on C, Be, and H 2 O targets. The use of a pair of septum magnets permitted particle detection at very forward angles [14] and a Ring Imaging CHerenkov (RICH) detector [15, 16, 17] has been used in the hadron arm to provide an unambiguous identification of kaons when combined with the stardard particle identification apparatus of Hall A, based on aerogel Cherenkov detectors [18, 19, 20] . Details and motivations for the specific choices can be found in Ref. [12] . In the case of the waterfall target, the kinematics were set to particle detection at 6
• for both electrons and kaons, incident beam energy of 3.66 GeV, scattered electron momentum of 1.45 GeV/c, and kaon momentum of 1.96 GeV/c. The electron beam current was about 60 µA. The spread of the beam energy was < 3×10 −5 , continuously monitored with a synchrotron-light interferometer [21] .
In the present experiment, a waterfall target [22] was used because pure oxygen is difficult to handle and the use of other oxygen compounds requires additional measurements to subtract the non-oxygen background. The presence of the hydrogen has many advantages. In particular, it permits a calibration of the missing-mass scale and thus an accurate measurement of the Λ binding energy in the hypernucleus. Moreover, an interesting measurement of the (e, e ′ K + ) cross section in a previously unmeasured kinematical region was possible.
A complete calibration of the target thickness as a function of pump speed has been performed, the thickness was determined from the elastic cross section on hydrogen [22] . The target thickness used was 75±3 (stat.) ± 12 (syst.) mg/cm 2 . To calibrate the energy scale, the Λ peak position from the reaction on hydrogen was first obtained using the nominal central values for the kinematic variables, and then constrained to be zero by ap- plying a small shift to the energy of the beam (the quantity with the largest uncertainty). This shift is common to reactions on hydrogen and oxygen and therefore its uncertainty does not affect the determination of the binding energies of the 16 Λ N levels. A resolution of 800 keV FWHM for the Λ peak on hydrogen is obtained. The linearity of the scale has been verified from the Σ 0 − Λ mass difference of 76.9 MeV. For this purpose, a few hours of calibration data were taken with a slightly lower kaon momentum (at fixed angles) to have the Λ and Σ 0 peaks within the detector acceptance. Fig. 1 shows the two peaks associated with p(e, e ′ K + )Λ and p(e, e ′ K + )Σ 0 production. The linearity is verified to (76.9 − 76.4 ± 0.3)/76.4 = 0.65 ± 0.40%, Figure 2 shows the binding-energy spectrum of the full range of energy acceptance. The residual pion contamination is < 5%, uniformly distributed over the energy spectrum (Fig. 2 ). The shaded region shows the (e, e ′ ) ⊗ (e, K + ) random-coincidence background. The large broad peak observed at around 30 MeV is the mis-reconstructed binding energy due to the contribution from the hydrogen when the oxygen mass is used for the target mass in constructing the missing mass. The excitation region of the 16 Λ N production is shown on the right side of the figure. The background is rather flat. However, due to the acceptance of the detector, it decreases at the edges. It is separately evaluated by plotting the data obtained for random coincidences in a large energy window [12] and fit with a quadratic curve. No significant residual background is present after subtraction. Figure 3 shows the six-fold differential cross section expressed in nb/(sr 2 .GeV.MeV). The fit to the data has been made using Voigt functions, as described elsewhere [12] . Four peaks are observed. The ground-state peak gives a Λ separation energy of B Λ = 13.76 ± 0.16 MeV for the 1 − member of the ground-state doublet in 16 Λ N. Three more peaks are observed at binding energies of 6.93, 2.84, and −3.34 MeV. The measured energies, widths, and cross sections, after a radiative unfolding procedure, are given in Table I . Only statistical errors are reported for the measured cross-sections. Systematic errors, dominated by uncertainty in the target thickness, are at the 20% level. The theoretical cross sections were obtained in the framework of the distorted-wave impulse approximation (DWIA) [23] using the Saclay-Lyon (SLA) model [24] for the elementary p(e, e ′ K + )Λ reaction. The ground state of 16 O is assumed to be a simple closed shell and the shell-model wave functions for (1) The effect of Λ-Σ coupling is also taken into account [6] . The same YNG interaction is used for the p −1 N p Λ states (with the p Λ orbits bound by 2.5 MeV). There are now 13 independent matrix elements compared with 5 for p −1 N s Λ . Most of the new matrix elements involve relative d-wave states and are small. However, the relative s-wave and pwave central matrix elements no longer appear in a fixed combination. Here, the choice of the odd-state central interactions is influenced by data on 13 Λ C [7, 25] . The resulting energy spectra, dominant components of the wave functions, and calculated cross sections are shown in Table I . With respect to the calculations in [12] , an improved optical potential (with stronger kaon absorption) for the high K + energy in these experiments has been used. The four pronounced peaks in the energy spectrum are reproduced by the shell-model calculation. It is significant that the energy separation between the two lowest peaks agrees very well with that deduced from the theoretical centroids, and hence with the precise γ-ray data [4, 5] . The excitation energies of the positive-parity states depend on the spacing of the p Λ and s Λ single-particle energies which have to be extrapolated from 13 Λ C [7] and could therefore be uncertain by several hundred keV. The largest discrepancy between theory and experiment is in the position of the fourth peak. A firm prediction of the simple particle-hole model is that the gap between the third and fourth peaks should be slightly larger (6.5 MeV) than the underlying separation (6.324 MeV) of the p-hole states in 15 N, in contrast to the observed splitting of 6.18 MeV. It remains to be seen whether a full 1hω calculation, which incudes s Λ states coupled to positive-parity 1p2h states of the 15 N core, leads to significant energy shifts and some fractionation of the p −1 N p Λ strength. Historically, the first clear indication that the spinorbit splitting of the p Λ orbits is very small came from the observation that the separation between the 0 + states is very close to the underlying core-state separation [8] . Table I shows that the predicted major contributors to the third and fourth peaks involve both the p 1/2Λ and p 3/2Λ orbits and are indeed closely spaced for a Λ-spinorbit strength corresponding to the very small value of S Λ in Eq. (1) . Increasing the spin-orbit strength would eventually cause an observable broadening of the fourth peak. However, modest changes to any of the interaction parameters would not lead to deviations from the observed four-peak structure.
The Λ separation energy B Λ = 13.76 ± 0.16 MeV obtained for the first peak is to be compared with 13.3 ± 0.4 [26] , 13.4 ± 0.4 [9, 27] , and 12.4 ± 0.4 [2] for 16 Λ O from inflight and stopped K − experiments. The new B Λ value is an important quantity because i) it depends on the average central ΛN and perhaps ΛN N interactions in addition to the spin-dependence of the ΛN interaction that primarily affects energy level spacings, ii) there are few emulsion events for the heavier p-shell hypernuclei and these events tend to have ambiguous interpretations [28] , and iii) the reactions involving the production of a Λ from a neutron are more difficult to normalize. For example, the (π + , K + ) data are normalized to 10.80 MeV for the B Λ of 12 Λ C [2] , which differs considerably from the much better determined value of 11.37 ± 0.06 MeV [28] for the mirror hypernucleus 
